Introduction
Both in vitro studies and more traditional feeding trials on salmonids have shown that fatty acids have distinct fates inside a cell and that there is competition between the pathways of fatty acid metabolism [1] . In Atlantic salmon (Salmo salar), essential fatty acids such as 22:6n-3 in all tissues, and 20:5n-3 specifically in liver, are relatively spared from β-oxidation [2] . In fish, monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) are proposed to be good candidates for hepatic β-oxidation with MUFA reported as the primary substrates in several studies [3] [4] [5] .
Another metabolic fate, at least in liver, is desaturation and elongation of fatty acids. The affinity of the desaturation and elongation enzymes for fatty acids is higher for the n-3 series than for the n-6 and n-9 series [6, 7] . Only a few studies have simultaneously investigated both the pathways of β-oxidation and desaturation/elongation of fatty acids [8] [9] [10] , and very little has been done regarding the overall metabolic fate of fatty acids in cells. Previous studies on lipid metabolism in salmonids have mainly concentrated on the metabolism of 18:3n-3 [11] , and effects of dietary treatment. Desaturation and elongation of 18:3n-3 are increased when Atlantic salmon are fed a diet containing vegetable oil (VO) in comparison with fish fed fish oil (FO) [12, 13] , and there is increased expression of fatty acid desaturase and elongase genes [14] . Given the increased demand for FO and the limited availability [15] , there has been an intensive search for suitable, sustainable alternatives to FO for salmon diets.
However, VO does not contain fatty acids with carbon chain length greater than C 18 compared to FO, which contains predominantly C 20 and C 22 PUFA. Knowledge of the effects of VO on lipid metabolism in fish is therefore important in order to maintain fish health and benefits of farmed fish for human consumers [16] .
Other possible fates for fatty acids in liver are incorporation into cellular lipids and secretion of lipids through lipoprotein production. Triacylglycerols (TAG) and phospholipids (PL) are the major fatty acid-containing lipid components in cells. PLs are produced in the endoplasmic reticulum and are major structural components of membranes. TAG are stored in lipid droplets in the cytoplasm until required and mobilised for transport of lipids to other tissues, or for β-oxidation [17, 18] . Thus the liver is an important regulator of plasma levels of free fatty acids that are low in the post prandial state [17] . The extent to which endogenous and/or exogenous fatty acids are mobilised for β-oxidation is not fully known. Studies have shown that in mammalian liver the majority of fatty acids that are β-oxidised originate from exogenous sources rather than mobilising endogenous TAG [19] . Lipids are secreted by the liver mainly as TAG in very-low-density lipoprotein (VLDL) [20] . In rat hepatocytes, 18:1n-9 is known to be readily incorporated into VLDL particles, primarily as TAG, whereas 20:5n-3 inhibited VLDL production [21, 22] .
The present study had two primary objectives. Firstly, to determine an overall budget for the metabolism of different fatty acids in Atlantic salmon hepatocytes. Secondly, to investigate dietary effects on hepatic lipid metabolism. Atlantic salmon were fed for two years from first feeding on diets containing either FO or a VO blend replacing 75% of FO. Isolated hepatocytes were incubated with seven radiolabelled fatty acids including saturated, monounsaturated, and n-3 and n-6 polyunsaturated fatty acids. Metabolic fates of the different fatty acids, and the effects of diet, were assessed by measuring recovery of radioactivity in cellular lipids, exported lipids, acid soluble products and in desaturated/elongated products.
Materials and Methods

Fish, diets and sampling
Atlantic salmon were fed two fish meal-based diets containing 75% VO or 100% FO from first feeding. The VO was a blend of low erucic acid rapeseed, palm and linseed oils in the ratio 3.7 : 2 : 1 with the remaining 25% being FO (capelin). The diets were formulated to satisfy the nutritional requirements of salmonid fish and were manufactured by Nutreco ARC, Stavanger, Norway. The analysed proximate compositions and fatty acid compositions of the diets are given in Table 1 . The trial was carried out at Marine Harvest Ltd. facilities at Invergarry (freshwater) and Loch Duich, Lochalsh (seawater). In March 2002, salmon fry were distributed into replicate tanks (3m x 3m, depth 0.5m) at a stocking level of 3000/tank, and fed extruded diets containing 20% added oil until seawater transfer in April 2003. Fish were then transferred into 5m x 5m net pens at 700 fish/pen. The fish were fed the same diet in seawater as in freshwater except oil levels were increased up to 32% by the time of sampling in March 2004. There was no significant difference in growth of the fish between the two dietary groups with fish fed FO weighing 2.54±0.14 kg and fish fed VO weighing 2.37±0.13 (n = 2 for FO and n = 3 for VO), at the time of sampling. Further details of the experimental design, growth performance, tissue fatty acid compositions are given elsewhere [23] . Three and six fish from FO and VO dietary groups were sampled in March 2004 after one year in seawater, respectively. Fish were killed with a blow to the head after being anesthetized with MS222 (Sigma-Aldrich, Poole, England), and livers removed immediately for preparation of hepatocytes.
Preparation of isolated hepatocytes
Hepatocytes were isolated following Tocher et al. [24] . Briefly, the liver was cleared of fatty acids were added as a complex with FAF-BSA prepared as described previously [26] .
After addition of the fatty acids the flasks were incubated for 2 hours at 20 ºC in a water bath.
After incubation, the cell layer was dislodged by gentle rocking and resuspended with a plastic pipette. The suspension was transferred to a glass conical test tube, mixed and one ml immediately transferred into a 2 ml microcentrifuge tube for β-oxidation assay. The remaining suspension was further processed as described below.
Assay of hepatocyte β-oxidation activity
Radioactive acid-soluble fatty acid oxidation products and bicarbonate in the isolated hepatocyte suspensions incubated with the different radiolabelled fatty acids were determined essentially as described previously [10] . The one ml of hepatocyte suspension was homogenised using a hand held tissue disrupter (Ultra Turrax and T8/S8N-5G probe, IKAWerke GmbH & Co, Staufen, Germany) and 500 µl of the homogenate transferred into a clean 2 ml microcentrifuge tube. One hundred µl of a 6 g/ml FAF-BSA solution in water was added and mixed well to bind non-metabolised fatty acid, before 1 ml of ice-cold 4 M perchloric acid was added and mixed to precipitate the protein-bound non-oxidised fatty acids. The solution was centrifuged at 3500 x g for 10 min in a microcentrifuge and 500 µl of the supernatant was taken, mixed with 4 ml scintillation fluid (Ecoscint A, National Diagnostics, Atlanta GA) and radioactivity determined in a TRI-CARB 2000CA scintillation counter (United Technologies Packard, U.K.). Results were corrected for counting efficiency and quenching of 14 C.
Assay of hepatocyte fatty acyl desaturation/elongation activities
The remaining 2 ml of the hepatocyte suspension was centrifuged at 500 x g for 2 min.
The supernatant was removed into a 15 ml glass test tube and 10 ml of ice-cold chloroform/methanol (2:1, by vol.) containing 0.01% (w/v) butylated hydroxytoluene (BHT) was added and total lipid extracted as described by Folch et al. [27] . The analysis of distribution of radioactivity in lipids recovered from the medium is described below. To the cell pellet, 5 ml of ice-cold chloroform/methanol (2:1, by vol.) containing 0.01% (w/v) BHT was added for total lipid extraction as described in detail previously [28] . Fatty acid methyl esters were prepared from half of the extracted total lipid by acid-catalyzed transesterification as described by Christie [29] and methyl esters extracted and purified as described previously [30] . The methyl esters were redissolved in 100 µl hexane containing 0.01% BHT and applied to 2 cm streaks to thin-layer chromatography plates impregnated with silver nitrate as described previously [31] . The plates were developed in toluene/acetonitrile (95:5, v/v) to 1 cm from the top. The radioactive bands were located by autoradiography with Kodak MR2 X-ray film for 7 days at room temperature. Areas of silica corresponding to individual fatty acids or fatty acid groups were scraped from the plate into mini vials containing 2.5 ml of scintillation fluid and radioactivity determined as described above. The remaining total lipid extracted from the cells was analysed as described below.
Assay of incorporation of radiolabelled fatty acids into lipid classes
The total lipids extracted both from the medium and from the remaining portion of the cell pellets were analysed to determine the distribution of radioactivity from the different radiolabelled fatty acids in lipid classes. The total lipid extracts were resuspended in chloroform/methanol (2:1, v/v) and 10 µl portions used for separation of lipid classes by single dimension double development high performance thin-layer chromatography (HPTLC).
The lipid extracts were applied as 1 cm streaks onto HPTLC plates, and the plates developed for the first 5.5 cm in methyl acetate/isopropanol/chloroform/methanol/0.25% aqueous KCl to the individual lipid classes were marked and scraped individually into mini-vials, 2.5 ml scintillation fluid added and radioactivity determined as described above.
Materials
All radiolabelled fatty acids (50-55 mCi mmol 
Statistical analysis
All data are presented as means ± SEM (n = 3, 6 or as otherwise stated). Differences between fatty acids were analysed by one-way ANOVA followed by Tukey post hoc test. To determine differences between the diets the t-test was used. All statistical analyses were performed using STATISTICA 6.1 software. Differences were regarded as significant when P<0.05 [32] .
Results
Diets
The VO blend was formulated in order to duplicate the total amount of saturated, monounsaturated and PUFA in the FO diet. This was accomplished, however, the individual fatty acids differed between the diets (Table 1) . Replacing the FO with VO, increased the percentage of 18:1n-9 2.7-fold, whereas the amounts of 20:1n-9 and 22:1n-11 were decreased.
In addition, the proportions of 18:2n-6 and 18:3n-3 increased 3.5-and 7.5-fold, respectively, whereas the amount of 20:5n-3 and 22:6n-3 decreased by 63%.
Uptake of fatty acids into hepatocytes
Uptake was measured as the sum of all radioactivity recovered in cellular lipids, esterified lipids in the medium (i.e. not including free fatty acids) and acid soluble products.
Uptake into the hepatocytes ranged between 60 and 89% for the different fatty acids ( In hepatocytes from fish fed VO, the uptake of almost all the fatty acids was significantly lower than in hepatocytes from fish fed FO (Table 2 ). The breakdown of the fate of fatty acids taken up by the hepatocytes (incorporation into cellular lipids, export or oxidation) are presented relative to uptake in order to eliminate influence of differences in uptake. These data were based on absolute recoveries (dpm) in the different fractions and show 90-95% recovery of total radioactivity.
Incorporation into hepatocyte cell lipids
The greatest portion of fatty acid taken up by the hepatocytes was incorporated into cellular lipids ( (Table 3) .
Discussion
There were two major aims in this study; firstly to determine the principal metabolic fates of different fatty acids in Atlantic salmon hepatocytes; secondly, to investigate nutritional effects on the metabolism of the fatty acids. Results showed that each fatty acid had their own fate inside the cell, related to the fatty acid family and series (n-3 or n-6), and that diet had effects on lipid metabolism. with another study on Atlantic salmon skeletal muscle cells, where more 20:5n-3 was taken up than 18:1n-9 [33] . In contrast, the uptake of 18:2n-6 and 18:3n-3 in salmon hepatocytes were similar [34] . However, the present study is the first report comparing overall lipid and fatty acid metabolism in hepatocytes in such a way, and few studies have reported fatty acid uptake of such a range of fatty acids. Whether unesterified fatty acids are taken up by the cells through a passive uptake mechanism and thereby unregulated, or if they are transported into the cytoplasm by plasma membrane proteins, remains to be fully elucidated. Several plasma membrane proteins have been characterised and proposed as candidates for uptake and transport of fatty acids including fatty acid binding protein, fatty acid translocase, caveolin, renal fatty acid binding protein and fatty acid transport protein [35, 36] . The results of the present study suggest that fatty acid transport is regulated and that the transporters have a distinct selectivity for fatty acids. However, since the fatty acids used in the present study ranged from saturated fatty acids to long-chain PUFA, both passive and active transport could be involved.
Fatty acid entering a cell can either be esterified into cellular lipids or β-oxidised.
Cellular TAG is the most important storage form of fatty acids because it is the most energy rich molecule per gram, and in the present study, fatty acids were incorporated into TAG to the highest degree. Previously, it was shown that isolated salmon hepatocytes incorporated 85% and 80% of 18:2n-6 and 18:3n-3 into TAG, respectively, with the remainder being incorporated into PL [9] . This is consistent with results found in the present study, where 84% The β-oxidation reaction is located in mitochondria and peroxisomes of the cell [43] [44] [45] and was estimated here by the recovery of products in the acid soluble fraction, representing breakdown of fatty acids to acetyl-CoA and other small organic molecules. From around 8%
to 25% of the fatty acids taken up by the hepatocytes were oxidised in salmon fed FO, consistent with previous results [46] . However, Ruyter and Thomassen [9] found that only 2-5% of supplemented 18:2n-6 and 18:3n-3 were oxidised by salmon hepatocytes, and there were no major differences between the fatty acids. In the present study, n-6 fatty acids gave the highest recovery of radioactivity in the acid soluble fraction, with β-oxidation of [1- 14 C] 18:1n-9 showing an intermediate rate, and n-3 fatty acids being the least oxidised. Several previous studies have shown that MUFA are generally good substrates for β-oxidation in fish [4, 5, 47] . Furthermore, in a previous study in which salmon were fed increasing levels of rapeseed oil, low retention of MUFA, 18:2n-6 and 18:3n-3 were observed in the fillet, suggesting that all of these fatty acids were readily available for oxidation [2] . Although few studies have compared the relative rates of β-oxidation of such a range of fatty acids in one study, where published studies have used similar fatty acids, the results are comparable with those in the present study [4, 5, 47] . Generally speaking though, little attention has been given to n-6 fatty acids when dealing with energy production in hepatocytes as, normally, fish diets based on FO do not contain large amounts of n-6 fatty acids. But, with increasing levels of VO being used in fish diets, the amount of total n-6 fatty acids increases substantially, largely due to 18:2n-6, a predominant fatty acid of many VOs. Therefore, there is increasing interest in the metabolism of n-6 fatty acids in fish, not only in terms of essential fatty acids, but also in terms of energy provision.
Feeding salmon VO had a clear effect on uptake of the fatty acids, resulting in more radioactivity recovered as free fatty acids in the medium i.e. lower uptake. Obviously, feeding VO changes the fatty acid composition of the tissue cell membranes and this could affect uptake processes, but the precise mechanism for this effect requires further study [2, 13, 48] .
As well as reducing uptake, a lower proportion of the fatty acids taken up were esterified into cellular lipids when salmon were fed VO. In addition there was relatively lower incorporation into TAG and relatively more incorporation into PL. This result of feeding VO may be determined by the effects on β-oxidation. By replacing 75% of the dietary FO with VO, hepatic β-oxidation for all fatty acids was increased, particularly so for [1- 14 C] As discussed above, the incorporation of fatty acids into TAG in hepatocytes was reduced by feeding VO, thus it appears that by feeding salmon VO, more of the fatty acids taken up by the hepatocytes are directed towards β-oxidation rather being incorporated into TAG. Previous studies in mammals have shown that little of the stored TAG in the cell is mobilised for oxidation, suggesting that the major source of fatty acids for oxidation is extra cellular fatty acids [17] . In the present salmon study, less n-6 fatty acids were esterified and more oxidised, whereas n-3 fatty acids were generally more esterified.
In a recent study measuring the β-oxidation capacity in muscle and liver homogenates and the effects of rapeseed and olive oils, no major differences in β-oxidation capacity were found in liver [49] . The results from the present study appear to show contrary results.
However, two very different things are being measured in the two studies. In the present study with intact cells, free fatty acids are supplied to cells which retain their full architecture with all associated different metabolic pools that the fatty acid may enter, directing it towards different specific metabolic pathways or fates as determined by the physiology of the cell.
When measuring the β-oxidation capacity in tissue homogenates, the cell architecture is destroyed along with many of the normal metabolic pools leaving an organelle fraction. The fatty acid substrate is also provided as a CoA-derivative, and thus any specificity of the activation step is removed. In addition, the conditions for measuring β-oxidation in homogenates are optimised so total capacity of the system can be determined, meaning excess co-factors and substrate are also supplemented and only the enzymes are the limiting factor [49] . When measuring metabolic pathways in cell studies one must consider that the regulation might be constituted at several levels and/or the conditions are not optimised for any specific pathway. Given these differences in measuring β-oxidation in cells and homogenates, one might speculate that the differences in results regarding the present cell study and the earlier homogenate study by Stubhaug et al. [49] may be at the level of fatty acid uptake and/or intracellular transport rather than directly at the level of the β-oxidation enzymes [46] .
Liver is the interface between exogenous and endogenous transport of lipids. Exogenous transport involves transport of chylomicrons from the intestine to liver, and VLDL from liver to peripheral tissues, whereas endogenous transport is that of mobilised fatty acids and high density lipoproteins from peripheral tissues to the liver [20, 50] . Several studies have reported decreased VLDL-production and serum TAG concentrations after feeding FO. [51, 52] . It has been shown that 20:5n-3 inhibits hepatic synthesis of TAG, thereby lowering the secretion of TAG, whereas 18:1n-9 stimulated the synthesis and secretion of TAG [21, 22] . Perhaps consistent with this, the highest recovery of radioactivity in exported lipids in the present study was observed when salmon hepatocytes were incubated with [1- Table 2 are based, showed that VO feeding decreased the export of fatty acids from the hepatocytes but, other than with 16:0, this was entirely due to decreased uptake rather than a specific effect on export.
Enzymatic activity of desaturation and elongation of fatty acids has been studied extensively in fish [8, 10, 13, 34, 48, 53] . It has been shown in a number of studies that desaturation and elongation of 18:3n-3 is increased in both hepatocytes and enterocytes from fish fed VO compared to FO [8, 10, 13, 48] . Comparable with this, desaturation and elongation of both [1- 14 C] 18:2n-6 and [1- 14 C] 18:3n-3 were increased in the present study in hepatocytes from fish fed VO compared to FO. Expression of desaturase and elongase genes has recently been shown to be under nutritional regulation in salmon and both appear upregulated when the fish were fed VO [14, 54] . Whether this increased expression and thereby increased activity of long-chain PUFA synthesis is due to increased 18:3n-3 and study. Previous studies measuring the desaturation and elongation activity of these two fatty acids have found that elongases and desaturases have a higher affinity towards n-3 fatty acids than n-6 fatty acids [6, 7] . It was noteworthy that when the hepatocytes were incubated with [1- 14 C] 18:2n-6, a relative large amount of radioactivity was recovered in products that could only originate from recycling of acetyl-CoA (derived from one β-oxidation cycle of 18:2n-6) into biosynthesis of fatty acids. This further supports the higher level of β-oxidation observed with [1- 14 C] 18:2n-6 as noted above.
In summary, pathways of lipid metabolism in salmon hepatocytes showed specificity towards fatty acids at almost every level. Selectivity was apparent at the level of uptake of the fatty acids across the cell membrane, incorporation into the different PL and β-oxidation of fatty acids. The secondary aim, to investigate nutritional effects on lipid metabolism, was also achieved. Feeding Atlantic salmon VO as a replacement for dietary FO, affected various aspects of lipid metabolism, with reduced uptake of fatty acids and increased proportions of the fatty acids being β-oxidised rather than incorporated into cellular lipids. Results are means ± SD (n=3 for proximates and n = 2 for for fatty acids). 1 totals include 15:0 present at up to 0.5%; 2 also contains n-9 isomer; 3 also contains n-11 and n-7 isomers; 4 also contains n-9 and n-7 isomers; 5 totals include18:3n-6, 20:2n-6 and 22:5n-6 present at up to 0.2%; 6 totals include 20:3n-3 present at up to 0.1%; 7 totals include C 16 PUFA. Table 2 Fate of radioactivity from [1- 14 
